PURPOSE. The present study was designed to determine whether kappa opioid receptors (KORs) are localized to cells of the inflow and outflow pathways of the eye and if activation of these receptors has an effect on nitric oxide (NO) production, because these effects could play a role in KOR agonistmediated reduction of IOP. METHODS. Human nonpigmented ciliary epithelial (NPCE) and trabecular meshwork (HTM-3) cells were treated with spiradoline (SPR), a selective KOR agonist, or estradiol, for 24 hours. Some cells were pretreated with the selective KOR antagonist norbinaltorphimine (norBNI) or the nonselective NO synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME) for 30 minutes, followed by the addition of SPR. Immunofluorescent localization of KORs was determined in isolated rabbit iris-ciliary bodies (ICBs) and NPCE and HTM-3 cells. RESULTS. Immunohistochemical data show the localization of KORs to the rabbit ICB and more specifically to the ciliary epithelial layer. KORs were also found on cell membranes of NPCE and HTM-3 cells. Treatment of both these cell types with spiradoline caused concentration-dependent increases in the release of NO. Spiradoline-induced release of NO from both cell types was inhibited by pretreatment with norBNI and L-NAME. CONCLUSIONS. Results from this study show the presence of KORs on rabbit ICBs and also on NPCE and HTM cells. Activation of these KORs on both cell types resulted in KOR-mediated increases in NO production. These findings provide evidence that previously demonstrated KOR-mediated reduction in IOP could be caused, in part, by NO production in both the ciliary body and the trabecular meshwork. (Invest Ophthalmol Vis Sci. 2011;52:5233-5239) DOI:10.1167/iovs.10-6613 E levated IOP is one of the major risk factors responsible for optic nerve damage in primary open-angle glaucoma (POAG). Therefore, achieving good control of IOP is very important in preventing the progression of optic neuropathy, which eventually leads to irreversible vision loss. IOP is determined primarily by the dynamic equilibrium between the production of aqueous humor in the ciliary body and its efflux, mainly through the trabecular meshwork and Schlemm's canal.
levated IOP is one of the major risk factors responsible for optic nerve damage in primary open-angle glaucoma (POAG). Therefore, achieving good control of IOP is very important in preventing the progression of optic neuropathy, which eventually leads to irreversible vision loss. IOP is determined primarily by the dynamic equilibrium between the production of aqueous humor in the ciliary body and its efflux, mainly through the trabecular meshwork and Schlemm's canal. 1 Aqueous humor is produced by the ciliary epithelial cells located in the ciliary body. 2 We 3-5 and others 6 have shown that opioid receptor activation modulates aqueous humor dynamics and, therefore, IOP. Specifically, we have shown that kappa opioid receptor (KOR) agonists reduce IOP by reducing aqueous humor formation and increasing aqueous humor outflow, thereby suggesting their possible usefulness in glaucoma therapy.
We have also provided evidence that the effect of selective KOR agonists on aqueous humor dynamics involves increased natriuretic peptide release in the anterior segment, 5, 7 but much remains to be understood about the specific cellular and molecular mechanisms underlying these events. Most of the actions of natriuretic peptides occur via activation of the guanylyl cyclase (GC) pathway, which induces the elevation of intracellular cGMP. cGMP, however, is synthesized by two different isoforms of GC: particulate or membrane GC (pGC), to which ANP binds, and soluble GC (sGC), which is activated by NO. Compounds that affect the NO/cGMP pathway lower IOP either by enhancing aqueous humor outflow facility, reducing aqueous humor formation, or a combination of these mechanisms. 8 Because KOR agonists have effects on both the inflow and the outflow pathways, we propose that NO may also be involved in KOR-mediated effects in the anterior segment.
We conducted the present study using well established human nonpigmented ciliary epithelial cells (NPCEs) and human trabecular meshwork cells (HTM-3). Because the ciliary epithelium is a primary site for aqueous humor production, NPCE cells are often used to determine mechanisms of action of drugs that affect aqueous humor formation. 9 These transformed NPCE cells were also shown to contain NO-activated heterodimeric soluble GC. 10 HTM-3 cells are often used to determine the effect of drugs on the signal transduction pathways in the conventional outflow tract of the eye. 11 Based on the reported use of these cultured cells in the determination of signaling pathways in the anterior chamber, we used these cellular models to determine the possible involvement of NO in KOR agonist-induced ocular hypotension.
MATERIALS AND METHODS

Cell Culture
NPCE (gift from Miguel Coca-Prados, Yale University School of Medicine) and HTM-3 (gift from Iok-Hou Pang; Alcon Research Laboratories, Fort Worth, TX) cells were maintained and grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 4 mM L-glutamine, and 50 g/mL gentamicin, and kept at 37°C in 95% O 2 , 5% CO 2 environment, per Pang et al. 11 Cells were grown to approximately 90% confluence before being treated as described below.
Immunocytochemistry
NPCE and HTM-3 cells were grown on Laboratory-Tek II chamber slides and identification of KOR protein was carried out using standard immunocytochemical techniques with a polyclonal antibody directed against the human KOR (R&D Antibodies, Las Vegas, NV). The antibody was produced in rabbits and was specific for the COOH-terminal of the KOR. Cells were fixed in ice cold (-20°C) methanol for 5 to 10 minutes. After fixation, cells were washed with PBS and incubated at room temperature for 1 hour in blocking buffer (5% goat serum with 0.2% Triton X-100). The cells were exposed to the KOR primary antibody (1:200) overnight at 4°C. In experimental negative controls, the cells were incubated in blocking buffer alone. Primary antibody labeling was visualized using a fluorescent secondary antibody (Oregon Green 488 goat anti-rabbit IgG, Alexa Fluor 594 goat anti-rabbit IgG; Invitogen, Carlsbad, CA). Cells were then mounted in aqueous mount and staining was viewed using a confocal microscope.
Immunohistochemistry
Adult male New Zealand albino rabbits were killed with an overdose of Beuthanasia-D (pentobarbital sodium) and their ICBs were surgically removed and immediately fixed in 4% paraformaldehyde (in PBS [pH 7.4]). Fixed ICBs were cryoprotected in graded sucrose in PBS (10% to 30%) at 4°C. Tissues were embedded in ornithine carbamoyltransferase (OCT), sectioned at 10 m on a cryostat, and mounted onto slides. Sections were treated with sodium borohydride (NaBH 4 ; 0.5%) and were washed in PBS before blocking in buffer containing normal chicken serum (10%) and Triton X-100 (0.3%). Anti-peptide polyclonal goat anti-KOR (Santa Cruz Biotechnology, Santa Cruz, CA) and mouse monoclonal anti-synaptic vesicle protein (gift from Peter MacLeish, Morehouse School of Medicine) were used in immunohistochemical studies to determine the distribution and localization of KORs in rabbit ICBs. Experimental negative controls did not include the primary antibody in the incubation medium or were coincubated with the control peptide. Tissue samples were washed with PBS and exposed for 2 hours (room temperature) to fluorescent secondary antibodies (Alexa Fluor 488 chicken anti-goat and Alexa Fluor 594 donkey antimouse IgG, 1:200 dilution; Invitrogen, Carlsbad, CA). The slides were examined on a confocal laser scanning microscope. All studies were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and the Institutional Animal Care and Use Committee of Morehouse School of Medicine approved all protocols involving animals.
Drug Treatments for NO Determination
NPCE or HTM-3 cells seeded in 6-well plates were grown to approximately 90% confluence before drug treatment. Experimental protocols were carried out on cells incubated at 37°C in dye-free DMEM growth media containing protease inhibitor cocktail and L-arginine. L-arginine was included in the media of control and treated cells to stimulate NO production in vitro. Cells were treated with either spiradoline (SPR; 10, 100, 500, and 1000 M; Sigma-Aldrich, Saint Louis, MO) or estradiol (100 M; Sigma-Aldrich) for 24 hours. Some cells were pretreated with the selective KOR antagonist norbinaltorphimine (norBNI; Tocris Bioscience, Ellisville, MO) or the nonselective NO synthase inhibitor N-nitro-L-arginine methyl ester (L-NAME; Sigma-Aldrich) for 30 minutes, followed by treatment with SPR (100 or 1000 M) for 24 hours. After the 24-hour drug treatments, media samples were assayed for NO and cell lysates analyzed for protein using the Bio-Rad protein assay.
Nitrite Measurements
NO is a very unstable molecule in solution, with a half-life of only a few seconds. Therefore, in these studies, NO was measured as its stable metabolites nitrate and nitrite. In the cell, NO undergoes a series of reactions with several molecules present in biologic fluids, and is eventually metabolized to nitrite (NO 2 -) and nitrate (NO 3 -). The incubation medium surrounding the cells was assayed for NO (nitrate plus nitrite) levels using a microplate assay (Active Motif, Carlsbad, CA). The principle of the NO quantitation kit is that nitrate in the sample is converted to nitrite in the presence of nitrate reductase and cofactors. Then, nitrate and nitrite levels are assayed using Griess reagent. Each experiment was performed in triplicate and repeated at least four times.
Statistical Analysis
Data were analyzed for differences using one-way ANOVA followed by the Holm-Sidak method for multiple comparisons. Results are expressed as mean values Ϯ SEM and were considered significant when P Ͻ 0.05.
RESULTS
KOR Expression
Figures 1A and 1B show confocal images of immunocytochemical staining of NPCE and HTM-3 cells, respectively, with an antibody against KOR protein. Dense receptor labeling is seen on the membrane surface of both cell types. To further confirm that these receptors are present in the tissue involved in aqueous humor production, and because KOR agonists were shown to reduce aqueous formation in rabbits, KOR immunoreactivity was assessed in ICBs of New Zealand white rabbits. We also assessed whether KOR immunoreactivity colocalized with labeling for synaptic vesicle protein, a marker for synaptic vesicles and nerve terminals. Our data confirms KOR immunoreactivity throughout the ICB ( Fig. 2A, green) . Staining in the ciliary processes (CPs) appears more intense than in the stroma of the ciliary body ( Fig. 2C; CB) . Specifically, in the CPs, the most intense staining appeared in the nonpigmented ciliary epithelium (CE), which consists of aqueous humor-producing cells. The bright green labeling in the center of the CPs appears to be capillaries located in the connective tissue core of the processes. KOR immunoreactivity was also found to be associated with cells within the stroma and epithelial cells (Fig. 2D ) of the ICB. KORs are expected to be localized to synaptic vesicles and nerve terminals, but this was not a consistent observation in the ICB and requires ultrastructural investigation.
KOR Activation: Effects on NO Production in NPCE and HTM-3 Cells
Of all the opioid receptors, the KOR has been shown to exhibit the strongest dependency on NO/cGMP to induce its effects in tissues, such as the pial artery. 12, 13 To determine whether NO plays a role in KOR-mediated effects in the anterior chamber, we used the relatively selective KOR agonist SPR to determine the effect of KOR activation (SPR treatment) on NO formation in NPCE and HTM-3 cells. SPR treatment (for 24 hours) caused a concentration-dependent increase in NO release in both human NPCE (Fig. 3A) and HTM-3 cells (Fig. 3B) .
In NPCE cells, KOR activation caused significant increases in nitrite concentrations (the stable form of NO in solution) from 128 Ϯ 9.69% of control to 347 Ϯ 31.30% of control. In HTM-3 cells, nitrite concentrations increased from 108 Ϯ 4.31% of control to 292 Ϯ 28.02% of control. In these experiments, estradiol (ES) was used as a positive control for NO release.
To confirm that SPR-stimulated NO release in NPCE and HTM-3 cells was mediated by activation of KORs, the selective KOR antagonist norBNI was used. NorBNI has a very high affinity for KOR binding sites. NorBNI (100 M) alone did not significantly alter NO levels in media compared with control (Figs. 4A and 4B) . The 1000 M dose, however, did significantly reduce basal levels of NO in NPCE but not in HTM-3 cells. Pretreatment with norBNI (100 M, 30 minutes) resulted in the inhibition of SPR (100 M)-induced increases in NO levels in the media of both cell types, but did not significantly affect that generated by 1000 M SPR, although there was a trend toward inhibition. Pretreatment with the 1000 M dose of norBNI, however, did significantly inhibit the increases in NO levels generated by 1000 M SPR. These results show that the elevation in NO levels produced by SPR is mediated by activation of KORs.
To test whether the KOR-activated increases in NO levels in NPCE and HTM-3 cells is associated with activation of receptors linked to NO release, experiments using the nonselective nitric oxide synthase (NOS) inhibitor L-NAME, were performed. When administered alone, L-NAME did not cause any significant changes in NO levels when compared to basal levels, but pretreatment with L-NAME resulted in complete inhibition of SPR (100 and 1000 M)-induced NO production (Figs. 5A and 5B). In NPCE cells, the NO-producing effects of high concentrations of SPR (1000 M) were almost completely abolished in the presence of L-NAME. Also, in HTM-3 cells, SPR (1000 M)-induced increases in NO levels (291.89 Ϯ 28.02%) was significantly reduced to almost that of control levels in the presence of L-NAME (118.12 Ϯ 8.61%). These data indicate that SPR-stimulated NO formation in both NPCE and HTM-3 cells results specifically from the activation of NOS enzymes and is not related to either physical or chemical phenomena.
DISCUSSION
We previously reported that KOR agonists reduce IOP, in part, by reducing aqueous humor formation 3, 4 and increasing outflow facility, 5 but the precise site and cellular mechanism of action of these agonists-and the localization and distribution of KORs that modulate aqueous humor dynamics-has not been clearly established. In this study, KORs were found localized to cell membranes of both NPCE and HTM-3 cells (Fig. 1) . The presence of KORs on cultured cells of the inflow and outflow pathways has not been previously reported, and these data suggest that these NPCE and HTM-3 cells may be used to elucidate the mechanisms by which KOR agonists modulate aqueous humor dynamics. KOR proteins were also found localized to the ICB of the New Zealand white rabbit. Specifically, the immunoreactive staining on ciliary processes (CPs) suggests that these receptors could play a role in the regulatory mechanisms that modulate aqueous humor dynamics because CPs are responsible for the active production of aqueous humor. Overall, these immunofluorescence data provide evidence that the nonpigmented ciliary epithelium of the ciliary body, and the trabecular meshwork, could be direct targets for KOR agonists, and supports our previous work that these agonists influence the rate of aqueous humor formation and egress from the anterior chamber in the regulation of IOP.
NO appears to be an important physiologic regulator of IOP, and it might also be directly involved in the increase in IOP observed in POAG as a result of low NO production. 14, 15 The underproduction of NO could be corrected by providing NOS substrates or NO donors to lower IOP, increase ocular blood flow, and relax ciliary muscle. 16 The control of NO levels in the eye may therefore be a therapeutic target in glaucoma. The effects of various drugs acting through NO in aqueous humor modulation suggest a role for this cellular mediator in the regulation of IOP. Endothelial NOS (eNOS) and neuronal NOS (nNOS) were found to be present in most ocular tissues, including those responsible for aqueous dynamics-that is, the CPs, ciliary muscle, and trabecular meshwork [17] [18] [19] -further confirming the involvement of these NO producing enzymes in IOP regulation.
A number of inconsistencies currently exist in the literature regarding the effects of NO on IOP. A study performed by Kiel et al. 20 indicated that the inhibition of NOS with L-NAME caused a large rapid decrease in IOP in rabbits. They concluded that this reduction could be related to ciliary vasoconstriction and a reduction in aqueous humor production. Other investigators also indicated the inhibition of IOP by L-NAME in laser irradiated 21 and ␣-chymotrypsin 22 ocular hypertensive rabbits. No effect of this agent was seen in normotensive rabbits. Another group revealed that the topical application of various NOS inhibitors, including L-NAME, did not prevent the IOP increase induced by water intake in rabbits. 23 Several studies however, have shown IOP-lowering effects of NO. For example, it was shown that by increasing the L-arginine/NO/cGMP pathway, it was possible to lower IOP in rabbits equally to antiglaucoma agents currently being used. 24 A NO donor was also found to enhance the IOP-lowering effects of latanoprost, a commonly used ocular hypotensive agent. 25 In a clinical study, L-arginine, applied intravenously to human subjects, was shown to lower IOP. 26 In addition, a number of other studies indicate that the mechanisms involved in the reduction of aqueous humor flow [27] [28] [29] [30] and increased outflow facility 31, 32 are likely to involve the NO/cGMP pathway. Others have shown that the release of NO is implicated in avoiding ocular hypertension in a rabbit glaucoma model. 33 Taken together, these results suggest that the NO/GC system plays a pivotal role in aqueous humor dynamics and, therefore, in the regulation of IOP.
Previous studies in our laboratory have shown that the adenylyl cyclase/cAMP and natriuretic peptide (NP) pathways are involved in KOR-mediated regulation of aqueous humor dynamics in the reduction of IOP. The present study supports our hypothesis that NO could also play a role in KORmediated changes in aqueous humor dynamics. Whether or not the NP and NO pathways interact with each other in the reduction of IOP remains to be determined. Here, we focused on NO released by NPCE cells that secrete aqueous humor, and HTM-3 cells that are involved in aqueous humor egress from the anterior chamber. IOP is maintained as a result of a balance between the secretion of aqueous humor by the CPs and its outflow through the trabecular and uveoscleral outflow pathways. We showed that activation of KORs in these cells of the anterior chamber, which participate in aqueous humor regulation, caused a dose-dependent increase in NO levels. The selectivity of SPR for KORs is 84 times that for mu opioid receptors and 100 times that for delta opioid receptors, 34 so the relatively selective, competitive KOR antagonist norBNI was used to confirm that the response to SPR was KOR mediated. The observed increases in NO generated by 100 M SPR were abolished in the presence of norBNI (100 M), whereas that produced by the 1000-M dose of SPR was not significantly affected. At the equivalent molar concentration however, norBNI (1000 M) significantly inhibited the observed KOR-induced (SPR 1000 M) increases in NO. These effects of norBNI suggest that in these cells, high levels of KOR activation require an equivalent high molar concentration of antagonist for inhibition.
We have shown in previous studies 5 that activation of KORs in the anterior chamber increases outflow facility, and that this increase, is caused in part, by KOR-activated paracrine effects of natriuretic peptides on tissues within ocular outflow tracts. Based on in vitro evidence presented here, this increase in outflow facility may also be related to the release of NO from trabecular meshwork cells. This NO release could cause in vivo relaxation of trabecular meshwork cells, thereby increasing trabecular outflow facility and lowering IOP. Others have shown that NO induces relaxation of the trabecular meshwork and ciliary muscle cells and therefore may be involved in the regulation of aqueous humor dynamics. 35 Their experiments on relaxation/contraction in trabecular meshwork and ciliary muscle of the bovine eye indicated that cGMP is the final common effector molecule of vasodilators, which activate the NO system, thereby influencing the outflow of aqueous humor. Studies by Ellis et al. 36, 37 have revealed that NO plays a direct role in aqueous humor outflow facility in bovine trabecular meshwork. They provided evidence that NO decreases trabecular meshwork cell volume by the activation of the sGC/cGMP/PKG pathway, 36 and that observed changes in trabecular meshwork cell volume are correlated with changes in outflow facility. This group's anterior segment perfusion studies also revealed that the activation of sGC is necessary for NO-induced increases in outflow facility. 37 Taken together, these data suggest that the NO/cGMP pathway plays a role in increasing outflow facility, thereby reducing IOP.
The CPs, which contain the cells responsible for aqueous humor formation, are enriched with nitric oxide synthases, the enzymes involved in the synthesis of NO. Several studies indicate that the NO/cGMP pathway is involved in the secretion of aqueous humor. Sodium azide, a vasodilator drug that acts through the generation of NO, was shown to lower IOP by reducing aqueous humor formation. 38 In a bovine model, this effect of NO donors on aqueous humor secretion FIGURE 5. Effect of L-NAME on SPR-stimulated NO production in NPCE (A) or HTM-3 (B) cells. Cells were pretreated with L-NAME for 30 minutes, followed by treatment with SPR for 24 hours. At the end of drug treatments, NO in the incubation medium was analyzed as [nitrates ϩ nitrites] using a microplate assay kit. Data are mean Ϯ SEM of 4 to 11 experiments in triplicate. *P Ͻ 0.05 compared to control. #P Ͻ 0.05 compared to SPR alone. was shown to involve cGMP. 28 NO donors were also shown to elevate cGMP in bovine CPs. 39, 40 Based on these studies and the data obtained here, we propose that KOR-mediated NO release from NPCE and trabecular meshwork cells could be associated with the mechanistic changes in aqueous humor inflow and outflow that result in reduced IOP.
To our knowledge, we are the first to show that KORs are expressed in CPs and on NPCE and HTM-3 cells, and that these receptors are coupled to NO production in the anterior segment of the eye. However, whether or not the receptor is linked to a specific NOS isoform is yet to be determined. KOR agonists have been shown to elicit their nociceptive and other actions, in part, by activating the L-arginine/NO/cGMP pathway, and there is evidence to suggest that some of these actions may be related to effects on neuronal NOS 41, 42 (nNOS; NOS1). In conclusion, results from this study show that KOR receptors are present in the ICB and on HTM-3 and NPCEs. Also, activation of KORs in human NPCE and trabecular meshwork cells increase NO production. These findings provide evidence that KOR-mediated reduction in IOP could be caused, in part, by NO production in both the ciliary body and the trabecular meshwork.
